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Abstract: GeO2/Ge/C anode material synthesized using a simple method involving simultaneous
carbon coating and reduction by acetylene gas is composed of nanosized GeO2/Ge particles
coated by a thin layer of carbon, which is also interconnected between neighboring particles to
form clusters of up to 30 micrometers. The GeO2/Ge/C composite shows high capacity of up to
1860 mAh/g and 1680 mAh/g at 1C (2.1 A/g) and 10C rates, respectively. This good
electrochemical performance is related to the fact that the elemental germanium nanoparticles
present in the composite increases the reversibility of the conversion reaction of GeO2. These
factors have been found through investigating and comparing GeO2/Ge/C, GeO2/C, nanosized
GeO2, and bulk GeO2.
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Graphite has been used as the commercial anode material since the introduction of LIBs in the
1990s, although it has a quite low theoretical capacity of 372 mAh/g. Thus, much research has
been focused on high capacity materials such as silicon (4200 mAh/g),
mAh/g),
(SiO,

7-13

20-23

and tin (993 mAh/g)

GeO2,

24-28

SnO,

29, 30

14-19

1-6

germanium (1623

to replace the graphite anode. The oxides of these metals

SnO2 31-34) are another group of materials which can provide

high lithium storage capacity. In addition, there is widespread belief that during the first
lithiation, Li2O is irreversibly formed. If the Li2O component could be reversibly formed during
cycling, these oxide materials could theoretically store up to 8.4 Li+. This would make them
attractive alternatives as high capacity anode materials.
Germanium dioxide nanoparticles have been previously studied as anode material for LIBs and
were reported to react with up to 9 Li+ during the first discharge cycle.
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The lithium storage

mechanism is described by an initial conversion reaction (Equation 1) followed by an alloying
reaction (Equation 2). The lithium-ions, however, could not be fully removed in the subsequent
charging cycle due to the irreversible Li2O formation. This limits the theoretical lithium storage
to 4.4 Li+ per GeO2 (1126 mAh/g) compared to 8.4 Li+ (2152 mAh/g).
GeO2 + 4 Li+ → Ge + 2Li2O

(1)

Ge + 4.4 Li+ ↔ Li4.4Ge

(2)

Recently, Kim et al. published a report on MGeO3 (M = Cu, Fe, and Co), in which the
reversible formation of Ge-O bonds during lithium insertion and extraction was studied using Xray absorption spectroscopy. 28 One of the key factors contributing to the re-oxidation of metallic
germanium during de-lithiation is the presence of the transition metal nanoparticles. The metallic
nanoparticles play a catalytic role in the decomposition of Li2O, and also form a conductive
network between germanium and Li2O to facilitate the re-oxidation of germanium. In addition,
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an amorphous GeOx (x = 0.67) hierarchical structure was also reported recently that showed a
reversible conversion reaction.

24

As the GeOx contains Ge-Ge and Ge-O bonds, with distances

that are similar to the crystalline products, it is possible that the extra germanium in the structure
plays a similar role as to that of the metallic copper in the work reported by Kim et al. In this
work, catalyst role of Ge in GeO2/Ge/C nanocomposite anode is investigated using partially
reduction of the GeO2 in conjunction with the carbon coating process. The anode shows higher
capacity and better rate capability than GeO2/C nanocomposite.
A brief summary of the synthesis procedure is presented in Figure 1. The synthesis of GeO2
nanoparticles through a simple hydrolysis method was reported in our previous work.
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Hereafter, the as-prepared GeO2 nanoparticles will be referred to as “GeO2-nano”. The GeO2nano was heated to 520°C in acetylene/argon atmosphere for 30 minutes to form a uniform
carbon coating layer on each of the particles, and the resultant sample is denoted as “GeO2/C”.
When the reaction temperature was increased to 650°C, partial reduction of the GeO2 occurs in
conjunction with the carbon coating process. The resultant sample from this process is denoted
as “GeO2/Ge/C”. Reduction of the GeO2 occurs due to the higher temperature (> 600°C) and the
reducing species formed by the decomposition of acetylene. 4, 13 Acetylene gas was chosen as the
carbon source because of its ability to simultaneously granulate the nanoparticles into large
micrometer sized clusters and form a uniform carbon coating layer. In addition, this method is
known to be able to preserve the surface area of the precursor.4 From the Brunauer-EmmetTeller (BET) analysis (Figure S1), GeO2-nano has a BET surface area of 109 m2/g, and after
carbon coating, GeO2/C has a BET surface area of 101 m2/g, which is a negligible reduction.
However, the GeO2/Ge/C shows a lower BET surface area of 79 m2/g, which is due to the
reduction of GeO2 to metallic germanium. In addition, the carbon coated samples were
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characterized in an Elemental Analyzer (CHNS) to determine the amount of carbon present in
the sample. The GeO2/C and GeO2/Ge/C have 11 wt% and 23 wt% carbon, respectively. The
GeO2/Ge/C has a higher content of carbon due to the higher reaction temperature and the lower
mass after reduction of GeO2.
Figure 2 shows the X-ray diffraction patterns (XRD; Rigaku SA-HFM3) of the as-synthesized
GeO2-nano, GeO2/C, and GeO2/Ge/C. Micrometer sized GeO2 (Sigma Aldrich) was also
characterized as a reference and control for the experiments. Hereafter, the micron-sized GeO2
will be referred to as “GeO2-bulk”. The XRD patterns of all the samples can be related to
hexagonal phase (ICDD# 36-1463) GeO2. It should be noted that the peaks of the GeO2-nano
sample appear very broad compared to GeO2-bulk. This is due to the amorphous and
nanocrystalline nature of the material. After carbon coating at higher temperature, the peaks in
the GeO2/C pattern remained similar to the pattern of GeO2-nano. This confirms that no
reduction of GeO2 occurs at 520°C. As for the two peaks marked with an asterisk in the XRD
pattern of GeO2/Ge/C, they can be related to the diamond cubic phase (ICDD#04-0545) of
germanium. This confirms the presence of two crystalline phases, hexagonal GeO2 and diamond
cubic Ge, in the sample. In order to determine the ratio of GeO2 to Ge in the GeO2/Ge/C sample,
Rietveld refinement was performed, and the results are presented in Figure S2. The ratio of Ge to
GeO2 in the sample was determined to be 17:83. The weight fractions of the components in the
composite are 64 wt% GeO2, 13 wt% Ge, and 23 wt% C.
Morphologies of the samples were investigated using transmission electron microscope (TEM)
as shown in Figure 3 (For SEM images of the samples, see SI; FigureS3). The GeO2-nano
sample (Figure 3a) has particles about 10 nm in size (dense area), and they are further covered by
an amorphous layer (lighter area), which is due to the low temperature synthesis of the GeO 2-
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nano sample. This is consistent with the broad peaks shown in the XRD pattern. After carbon
coating, the amorphous layer is not observed, and this is due to the high temperature process,
which increases the crystallinity (Figure 3b). When investigated using high resolution TEM
(HRTEM), the average particle size of GeO2/C was determined to be about 20 nm. Surprisingly,
the carbon layer and the lattice spacing of GeO2 could not be resolved (Figure 3c). This is due to
the deformation of the particles when focused under the electron beam.

35

Figure 3d presents a

typical TEM image of GeO2/Ge/C where the morphology of the particles appears similar to that
of GeO2/C (Figure 4b). When investigated under HRTEM, the carbon coating layer clearly
covers the nanoparticles, as marked by the black arrows in Figure 3e. Another interesting point
to note is the inter-connected carbon shell between neighboring particles. This is an important
factor, as the interconnected carbon shell network provides an efficient electronic route, which
has been reported in our previous work. 13 The insets of Figure 3f show an enlarged image of the
area indicated by the white arrow and the corresponding Fast Fourier Transform (FFT)
diffraction pattern. The d-spacing was measured to be 0.32 nm, which corresponds to the spacing
of the (111) planes of cubic germanium. Similar to the GeO2/C sample, no lattice spacing of
GeO2 can be observed, which is due to the electron beam induced deformation.
Lithium storage performances of the samples were tested in a coin type half-cell. In order to
study the conversion reaction, a wide potential window of 0.01 V to 3.0 V was used for all the
tests. The cycling performances of all samples are plotted in Figure 4a, and the corresponding
first cycle voltage profiles are plotted in Figure 4b. For the first cycle, all the cells were
discharged and charged at the 0.05 C-rate (1 C = 2.1 A/g = 1.05 mA/cm2), and in subsequent
cycles the discharge was set to the 0.5 C-rate and the charge to the 1 C-rate. At the first cycle, the
GeO2-bulk exhibits discharge and charge capacities of 1587 mAh/g and 511 mAh/g,
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respectively, corresponding to coulombic efficiency of 32%. Even though the GeO2-bulk sample
shows very low capacity, the capacity retention at higher rates is excellent. The charge capacity
at the 1 C-rate remains 360 mAh/g over 50 cycles with negligible fading. Furthermore, the
coulombic efficiencies of more than 99% after the first cycle agree with the stable cycling
performance (Figure S4a). Nano-sized particles, on the other hand, show enhanced capacity due
to the larger surface area and shorter lithium reaction pathways, which is evident from the GeO2nano sample. The first discharge and charge capacity of GeO2-nano at the 0.05 C-rate is 2444
mAh/g and 1348 mAh/g, respectively, and the coulombic efficiency is 55%. The first discharge
cycle shows reaction of 9.5 Li+, which is higher than the theoretical 8.4 Li+ reaction. The
additional 1.1 Li+ could be attributed to the formation of the solid electrolyte interphase (SEI)
layer on the surface of the material. The first charge capacity of GeO2-nano shows higher
capacity compared to the theoretical 4.4 Li+ reaction of GeO2 (1127 mAh/g). This is due to the
re-oxidation of germanium to form germanium oxides, which will be further discussed below. In
the subsequent cycling at the 1 C-rate, the GeO2-nano sample presents stable capacity of 1180
mAh/g up to the 7th cycle, and then the capacity fades gradually to 450 mAh/g after 50 cycles.
The capacity fading can also be related to the sharp drop in the coulombic efficiency after the 7th
cycle (Figure S4a). The capacity fading and the drop in coulombic efficiency can be related to
the pulverisation of the electrode material where more active materials lose contact with the
current collector after repeated cycling due to the volume expansion. In addition, the effects of
the carbon coating on the electrochemical performance of GeO2 can be seen from the GeO2/C
sample. The first discharge and charge capacities at the 0.05 C-rate are 2682 mAh/g and 2000
mAh/g, respectively, which correspond to 75% coulombic efficiency. The first cycle charge
capacity of GeO2/C is comparable to the GeO2 theoretical capacity of 2152 mAh/g (8.4 Li+),
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considering that the specific capacity calculated includes the carbon component in the sample,
which is 11 wt%. Therefore, carbon-coating improves the coulombic efficiency by 20%, and it
also enhances the reversibility of germanium re-oxidation during charging. Although the
capacity and coulombic efficiency were increased tremendously, initial capacity fading from the
2nd to the 12th cycle is observed for the GeO2/C sample cycled at the 1 C-rate. The capacity drops
from 1865 mAh/g to 1400 mAh/g, and then the capacity is stable afterwards at 1400 mAh/g up to
the 50th cycle. The coulombic efficiency of GeO2/C also follows a similar pattern, where a drop
in efficiency was observed up to the 12th cycle, and then the efficiency improved and stabilized
to 99% up to the 50th cycle (Figure S4a). As for the GeO2/Ge/C sample, the first discharge and
charge capacity recorded is 2293 mAh/g and 1872 mAh/g, respectively, and the coulombic
efficiency is 82%. The higher coulombic efficiency of GeO2/Ge/C compared to GeO2/C can be
explained by the lower BET surface area and lower GeO2 ratio. For charge at the 1 C-rate, 1770
mAh/g was recorded at the 2nd cycle, and a slight increase in capacity is observed up to the 30th
cycle (1860 mAh/g). Then, slight capacity fading is observed and the capacity recorded at the
50th cycle is 1650 mAh/g. The extra capacity recorded for the GeO2/Ge/C sample (theoretical
capacity = 2152*0.64 + 1623*0.13 = 1588 mAh/g) can be due to: 1) lithium storage in the
disordered carbon shells; 2) interfacial storage of Li-ions; 3) pseudo capacitance of Li-ions. The
coulombic efficiency of GeO2/Ge/C at the 2nd cycle is 99%, however, the efficiency gradually
fades to 96% over 50 cycles. This trend is consistent with the gradual capacity fading of the
GeO2/Ge/C during cycling at 1 C-rate.
The lithium storage mechanisms of all the samples were investigated using cyclic voltammetry
(CV), and the profiles are plotted in Figure 5. Three CV cycles were tested for each sample at the
scan rate of 0.1 mV/s. In the first reduction scan of the GeO2/Ge/C sample (Figure 5a), a
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shoulder at about 1.3 V could be related to the formation of a vitreous phase lithium germanate
and subsequent formation of amorphous LixGeO2.
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The peak at 1.1 V is most probably due to

formation of the SEI layer, as it is not reversible. In the voltage region between 0.75 V and 0.01
V, the peaks can be related to the lithium reactions with GeO2, which are described by the
conversion reaction (Equation 1) and the alloying reaction (Equation 2). In the corresponding
oxidation scan, the broad peak from 0.3 V to 0.7 V can be related to the de-alloying reaction,
where lithium is removed from the Li-Ge alloy. Two broad humps at 1.1 V and 1.7 V can be
related to the re-oxidation of germanium to germanium oxide. Although the re-oxidation of Ge to
GeO2 remains ambiguous, several metals and metalloids show similar peaks at these voltages,
which correspond to the conversion reaction. Sandu et al. used Mossbauer spectroscopy to study
the conversion mechanism of SnO2, and they found that the re-oxidation reaction occurs above
1.0 V. 36 More recently, Chen et al. showed evidence of a reversible conversion reaction of SnO2
using ex-situ X-ray photoelectron spectroscopy (XPS) and TEM experiments.
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They too

assigned the re-oxidation reaction to the voltage region above 1.0 V. Furthermore, direct
evidence of the re-formation of Ge-O bonds in the charging cycle of a CuGeO3 half-cell was
observed using X-ray absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) spectroscopy by Kim et al.

28

Based on these results, we propose that re-

oxidation of Ge occurs during the oxidation scan (i.e. the charging cycle of the half-cell) in our
GeO2/Ge/C sample. This is confirmed by ex-situ XPS at various depths of charge/discharge, as
shown in Figure 6. It should be noted that the spectra shown in Figure 6 were analyzed after
etching of about 90 nm of the surface using an ion gun in the XPS instrument. From the XPS
spectrum of GeO2/Ge/C at discharge to 1 V, two obvious peaks indicated by the green (29.6 eV)
and blue lines (32.4 eV) corresponds to the Ge-Ge and Ge-O bonds, respectively. After
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discharging to 0.01 V, the peak indicating the Ge-O is not observed, which is due to the full
conversion of GeO2 to form Ge and Li2O. In addition, the peak indicating Ge-Ge bonds has
shifted to lower energy, which might be due to the formation of Li xGe alloys. When the samples
were charged to 2 V and 3 V, the Ge-O peak at 32.4 eV is observed which indicates the reoxidation of germanium. Moreover, GeO2/C (Figure 5b) also exhibit similar CV profiles to the
GeO2/Ge/C sample. The only variation is the decrease in reversibility of the conversion reaction
component of the sample. This result is consistent with the cycling test in Figure 4a where
capacity fading is observed in the first few cycles. Likewise, the GeO2-nano and GeO2-bulk
samples show a small hump indicating the re-oxidation of germanium in the oxidation scans.
This explains the higher capacity shown by the GeO2-nano sample in the first cycle (Figure 4a;
1384 mAh/g compared to theoretically 1127 mAh/g for 4.4 Li+ reaction).
From the cycling performance curves, we found that the reversibility of the conversion
reaction of GeO2 is related to the carbon coating (GeO2/C) and the introduction of metallic
germanium (GeO2/Ge/C) into the sample. In order to further understand this, the differential
plots of all samples at the 15th cycle and the corresponding voltage profiles (the insets) are
presented in Figure S5. Through investigation of the differential plots and the voltage profiles, it
was found that the conversion reactions in GeO2-nano and GeO2-bulk were less reversible
compared to the GeO2/C and GeO2/Ge/C samples. The small hump at 1.1 V in the charging cycle
indicating re-oxidation of germanium was not observed after the 15th cycle in either the GeO2nano or the GeO2-bulk samples. As for the GeO2/C sample, the 1.1 V hump is still visible,
however, the voltage profile at the 15th cycle shows that the plateau at 1.1 V has been
significantly reduced. These results are consistent with the cycling performance. Thus, the
observed capacity fading can be related to the decrease in reversibility of the conversion
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reaction. The alloying reaction, on the other hand, shows good reversibility for both the GeO 2/C
and the GeO2-nano samples. In the case of the GeO2/Ge/C sample, both the alloying and the
conversion reaction with lithium are highly reversible. The charging curve of the 15th cycle
shows an almost identical profile to that of the 1st charging cycle. From these results, we can
conclude that nanosize particles are very important to enable the reversible conversion reaction.
This is because nanoparticles have a larger surface area, which promotes the reaction kinetics. In
addition, nanoparticles are known to show a smaller absolute volume change, which could keep
the Li2O and Ge in close proximity for the decomposition of lithia and simultaneous oxidation of
germanium.

37

Furthermore, the carbon coating is an important factor in increasing the

reversibility of the conversion reaction. As carbon is highly conductive, the interconnected
carbon shells of the GeO2/C and GeO2/Ge/C samples would provide an efficient network for
electron transfer, which in turn increases the kinetics of the lithium reactions. Moreover, the
carbon shells could act as a buffer matrix to limit the volume variation during charge and
discharge cycles. 38 Another important factor that we found in this work is the catalytic effect of
germanium in the decomposition of Li2O. Kim et al. reported the catalytic effect of copper in
promoting the decomposition of Li2O and facilitating the oxidation of germanium in CuGeO3. 28
The germanium in the GeO2/Ge/C sample plays a similar role to that of the Cu in the CuGeO3.
This can be seen from the excellent reversibility of the conversion reaction, even after 50 cycles
at high rates. In addition, a schematic representation of the lithium reaction with GeO2-nano,
GeO2/C and GeO2/Ge/C which summarises the above points is presented in Figure 7.
Rate capabilities of the cells up to the 10 C-rate (21 A/g = 10.5 mA/cm2) were also tested, and
the results are plotted in Figure 4c. The rate capability of the anode material is very important
especially for the applications in electric vehicles. 39, 40 The GeO2-nano sample showed good rate
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capability, with charging capacity of 965 mAh/g, 915 mAh/g, 842 mAh/g, and 775 mAh/g
recorded at the 1 C-rate, 2 C-rate, 5 C-rate, and 10 C-rate, respectively. When the rate was
reduced to 0.1 C, the capacity recorded was only 870 mAh/g compared to the 1400 mAh/g
recorded for the initial 0.1 C-rate cycles. This is consistent with the cycling results, where
capacity fading was observed. As for the GeO2/C sample, the capacity recorded at the 1 C-rate, 2
C-rate, 5 C-rate, and 10 C-rate was 1300 mAh/g, 1250 mAh/g, 1200 mAh/g, and 1050 mAh/g,
respectively. The capacity was also recovered when the rate was reduced to 0.1 C (1350 mAh/g)
again. The GeO2/Ge/C sample shows the best rate capability among all the samples. At the 0.1
C-rate, the capacity recorded was 1850 mAh/g and the capacity recorded at the 0.5 C-rate was
1800 mAh/g. When the charging rates were increased to 1 C, 2 C, and 5 C, negligible capacity
fading was observed, and the capacity recorded at the 5 C-rate was 1750 mAh/g. As the rate was
further increased to 10 C, only a slight decrease in capacity was observed, and the capacity
recorded was 1680 mAh/g. When the rate was reduced to 0.1 C, the capacity was fully recovered
to 1850 mAh/g. The capacity at the 10 C-rate only shows a 10% decrease from the capacity
recorded for the 0.1 C-rate cycles. The corresponding voltage profiles of the GeO2/Ge/C sample
at different rates are presented in Figure 4d. It should be noted that as the rate increases, only a
slight increase in polarization was observed. The excellent rate capability of the GeO2/Ge/C
sample is due to several factors. Firstly, the nanosize nature of the individual particles provides
higher surface area and shorter pathways for the lithium reactions. Secondly, the interconnected
carbon shells, which form large clusters of up to 30 micrometers in size, provide a network of
electronic pathways, which could increase the kinetics of lithium reactions. In addition, the
unique nanostructure keeps the germanium and lithium oxides in close proximity after the
discharge cycles, and therefore, it enhances the kinetics of the oxidation of germanium. From the
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Raman spectra of both GeO2/Ge/C and GeO2/C samples (see SI; FigureS6), the ID/IG were
determined to be 1 and 0.95, respectively. This indicates that both are disordered carbon and,
therefore its effect on the electrochemical performance would not be significantly different due
to the similarity of the ID/IG.
In conclusion, partial reduction of GeO2/C led to the formation of Ge/GeO2/C nanocomposite
and demonstrated high capacity and good rate capability up to 10C rate. Such results were due to
the reversible conversion reaction of the GeO2 component by Ge catalystic effect. We found that
the nanosized particles, carbon coating, and the elemental germanium in the composite play a
crucial role in activating and improving the kinetics of the conversion reaction.
Supporting Information.
Experimental methods; BET analysis; SEM images; battery cycling data; differential plots;
Raman spectroscopy; Fourier transform infra-red spectroscopy; this material is available free of
charge via the Internet at http://pubs.acs.org.
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Figure 1. Schematic representation of the synthesis of GeO2/Ge/C and GeO2/C from GeO2
precursor.
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Figure 2. X-ray diffractions pattern of all the samples. The diffraction patterns of all GeO 2
samples matched hexagonal phase (ICDD# 36-1463) germanium dioxide, and the peaks are
indexed. The peaks marked with astericks, corresponds to diamond cubic germanium (ICDD#040545)
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Figure 3. (a) Transmission electron microscope (TEM) image of GeO2-nano with dense and
light areas indicating amorphous regions of the sample. (b,c) TEM images of GeO 2/C sample
showing similar particle size to the GeO2-nano sample after carbon coating. The sample deforms
under electron beam irradiation, and therefore, no lattice spacing could be observed. (d) TEM
image of GeO2/Ge/C sample showing similar morphology to the GeO2/C sample. (e) HRTEM
image of GeO2/Ge/C. The black arrows show the carbon coating layers. (f) HRTEM image of
GeO2/Ge/C, the insets are an enlarged image of the area indicated by the white arrow (left) and
the corresponding FFT pattern. The d-spacing of 0.32 nm corresponds to the (111) plane of
germanium.
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Figure 4. (a) Cycling performance of all the samples for 50 cycles at the 1 C-rate. The
GeO2/Ge/C sample shows excellent cycling performance, in which 90% of the capacity at the 2 nd
cycle was retained after 50 cycles. (b) Voltage profiles of all the samples at the first cycle at the
0.05 C-rate. GeO2/Ge/C showed the highest coulombic efficiency (CE) of 82% followed by
GeO2/C (75%), GeO2-nano (55%) and GeO2-bulk (32%); (c) Rate performance of all the samples
at the 0.1 C-rate, 0.5 C-rate, 1 C-rate, 2 C-rate, 5 C-rate, and 10 C-rate. The GeO2/Ge/C sample
showed the best rate performance, and the capacity at the 10 C-rate was 1680 mAh/g. (d)
Voltage profiles of the GeO2/Ge/C sample at various rates. Only a slight increase in polarization
was observed when the rate was increased to the 10 C-rate.
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Figure 5. Cyclic voltammetry profiles of (a) GeO2/Ge/C, (b) GeO2/C, (c) GeO2-nano and (d)
GeO2-bulk at the scan rate of 0.1 mV/s for 3 cycles.
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Figure 6. Ex-situ X-ray photoelectron spectroscopy analysis of the GeO2/Ge/C sample at various
depths of charge/discharge. At discharge to 1 V, the spectrum shows peaks indicating both Ge
(green line) and GeO2 (blue line). After discharging to 0.01 V, the peak indicating GeO2
disappears. At charging to 2 V, the GeO2 peak re-appears indicating oxidation of germanium. At
3 V, the GeO2 peak becomes stronger.
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Figure 7. Schematic representation of the lithium reaction mechanism in all the samples. A
reversible conversion mechanism of GeO2 can be observed for GeO2-nano, GeO2/C, and
GeO2/Ge/C. The nano-sized GeO2 particles are crucial for enabling the conversion reaction,
while the carbon coating can improve the reversibility. The elemental germanium in GeO2/Ge/C
plays a crucial role as a catalyst in improving the reversibility of the conversion reaction of
GeO2.
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